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METHODS AND DEVICES EELATED TO ELECTRODE PADS 
FOR P-TTFE GROUP III NITRIDE COMPOUND SEMICONDOCTORS 

BACKGROUND QF THE INVENTION 
Field of the Invention 

The present invention relates to electrode pads for a 
Group III nitride compound semiconductor having p-type 
conduction, a Group III nitride compound semiconductor 
device having this type of electrode pads, and methods of 
forming these electrode pads. In particular, the Invention 
relates to electrode pads for a Group III nitride compound 
semiconductor having p-type conduction with improved 
adhesive strength and luminous efficiency. Further, the 
invention relates to a method for forming the electrode 
pads and preventing the side etching of a protection film 
when forming a window through the protection film hy 
etching. 

Descri ption of Background Information 

Conventionally, gold (Au) deposited on a surface of a 
p-type conductive gallium nitride (GaN ) layer is used as an 
electrode. Because the adhesive strength between the Au 
layer and the iGaN layer is weak, an electrode layer made of 
Au peels easily away from the GaN layer during alloying 
processes performed on the GaN layer. 

As a means to improve the adhesive strength, an 
electrode with a double layer structure is employed 
interposing a nickel (Ni) layer between the Au electrode 
layer and the GaN layer. 

The electrode made of the Ni layer and the Au layer 
formed thereon also functions as an electrode pad for wire 
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bonding. As shown in FIG. 5A, the semiconductor device is 
uniformly covered with a protection layer 20 to protect the 
surface of the device. As shown in PIGS. 5A and 5B, mask 
layers 21 are formed exposing some part of the protection 
layer 20 over the Au layer. The exposed portion of the 
protection layer 20 is removed by etching to form a window 
20a. A lead wire is hounded to the electrode pad of the 
window 20a. 

However, because the adhesive strength between the Au 
layer and the protection layer 20 is weak, etching liquid 
penetrates between them. Thus, some part of the protection 
layer 20, even a part which is under the mask layers 21 afe 
removed as shown in FIG. 5B. As a result, forming the 
window 20a as planned is difficult. 

sqwwARY of the; iKvswnoN 

An object of the present Invention Is, therefore, to 
obtain an electrode pad strongly adhered to respective the 
Group III nitride compound serai conductor and the protection 
f i im. 

Another abject of the present invention is to improve 
ohmic characteristic of the electrode layer. The ohmic 
characteristic is defined as figure of volt-ampere (VI0 
characteristic. Improved ohmic characteristic includes 
fine linearity of VI characteristic and small contact 
resistance. 

Further object of the present invention is to improve 
adhesive strength between the electrode layer and the Group 
III nitride compound semiconductor. 

Further object of the present invention is to improve 
luminous intensity achieved by improvement in effective 
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current density. 

The Group III nitride compound sen iconductor satisfies 
the formula Al x Gay In 1 _ x _yN, wherein O^x^l, Offy£l, end 

A first aspect of the present invention is directed to 
an electrode pad for a Group III nitride compound 
semiconductor having a p-type conduction. The electrode 
pad successively includes a first metal layer formed on one 
of the semiconductor layer and an electrode layer, a second 
metal layer formed on the first metal layer, and a third 
metal layer formed on the second metal layer. A protection 
film is formed covering over the surface of the device and 
exposing a central portion of the third metal layer. The 
second metal layer is made of gold (Au). A composite 
element of the first metal layer has an ionization 
potential lower than gold (Au), and a composite element of 
the third metal layer has adhesiveness to the protection 
film stronger than gold (Au). 

The composite element of the first metal layer should 
preferably he at least one of nickel (NL), Iron <Fe), 
copper (Cu), chromium (Cr), tantalum (Ta), vanadium <V), 
manganese (Mn) f aluminum (Al) f and silver (Ag). The 
composite element of the third metal layer should 
preferably be at least one of aluminum Ul), nickel (Ni>, 
and titanium (Ti). Further, the protection film should 
preferably be made of silicon oxide e.g., S10, S10 2> and 
Si 2 0 s or silicon nitride e.g.. SiN 2 and SigN 4 . The most 
preferable combination of the composite metals for the 
electrode pad is the first metal layer comprising nickel 
(Ni), the second metal layer comprising gold <Au), and the 
third metal layer comprising aluminum (Al). 
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The electrode pad with the above identified structure 
may be formed directly on the semiconductor layer or on the 
electrode layer formed on the semiconductor layer depending 
on purposes. An LED, for example, requires an electric 
current to flow through a semiconductor layer vertically 
and uniformly for increasing an emission area. In this 
case, an electrode layer formed on the semiconductor layer 
Is fairly wider than the electrode pad. 

In order to improve an ohraic characteristic including 
lowering contact resistance, and increase the adhesive 
strength between the electrode layer and the semiconductor 
layer, the electrode layer should preferably have a 
multi-layer structure at least comprising a first electrode 
layer formed on the semiconductor layer and a second 
electrode layer formed on the first electrode layer. The 
first electrode layer comprises an element that has an 
ionization potential that is lower than that of the second 
electrode layer and the second electrode layer comprises an 
element which has an ohmic characteristic to the 
serai conductor layer better than that of the first electrode 
layer. Heat treatment for alloying process of the 
serai conductor makes the element of the second electrode 
layer distributed more deeply into the semiconductor layer 
than that of the first electrode layer. Namely, the order 
of distribution of the elements Is reversed by heat 
treatment. Before heat treatment, the element of the 
second electrode layer exists on that of the first 
electrode layer. After heat treatment, however, the 
element of the second electrode layer exists below that of 
the first electrode layer. The discovery of this phenomena 
is another aspect of the present invention. 
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The reversal of element distribution, however, does 
not occur at some portion of the electrode layer which is 
covered with an electrode pad. Accordingly, the portion of 
the electrode layer under the electrode pad has a poor 
ohmic characteristic i.e., a high contact resistance, and 
thus, flow of electric current detours around this portion. 
This structure contributes to an improved luminous 
efficiency. Since emitted light under non- transparent 
electrode pad cannot be emitted outside, utilizing this 
structure enables the electric current to flow to effective 
portions of a device so that emitted light can extend 
outside. Consequently, enlarging effective current density 
improves luminous efficiency. In view of the improved 
luminous efficiency, the protection film Is not necessary 
and the electrode pad may be formed in a double or a single 
layer structure. 

The first electrode layer should preferably be made of 
at least one of nickel <Ni) f iron (Fe), copper <Cu), 
chromium (Cr), tantalum (Ta), vanadium (V), manganese (Mn), 
aluminum <A1), and silver (Ag), and the second electrode 
layer be at least one of palladium (Pd), gold (Au>, iridium 
(Ir), and platinum (Pt). The most preferable combination 
of the composite metals of the electrode layer is the first 
eLectrode layer comprising nickeL (Mi) and the second 
electrode layer comprising gold (Au). In this case, heat 
treatment reverses the relative positions of Nl and Au. 
Gold (Au) moves deeper with respect to the semiconductor 
layer than nickel (Ni). Heat treatment may preferably be 
carried out at a temperature generally ranging from 400 *C 
to 700 *C. 

As another aspect of the present invention, the Group 
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III nitride compound semiconductor device using the above 
described electrode pads includes one of a 1 ight-erai tt ing 
diode (LED), a laser diode <LD), and a transistor. 

Because the composite metal of the first metal layer 
has an ionization potential that is lower than that of a 
second metal electrode layer, a strong adhesive strength of 
the met&L layer to the semiconductor can be maintained. A 
protection film formed on the third raetal layer covering 
the sides of the first, second, and third metal layers has 
a strong adhesive strength to the third metal layer. 
Accordingly, etching the inner sides of the protection film 
can be prevented during an etching process to remove some 
portion of the protection film. As a result, the 
protection film can function as intended. 

Further, the electrode pad shields the effect of heat 
treatment to the layers thereunder. The portion of the 
electrode layer under the electrode pad does not undergo a 
reversal in its distribution of elements. Accordingly, the 
contact resistance of some portion of the electrode layer 
which is under the electrode pad is high, and thus, 
electric current detours this portion and flows into other 
parts of the electrode layer. Consequently, luminous 
efficiency of the device is improved by increasing - 
effective current density for emission. 

The other portion of the electrode layer which is not 
covered with the electrode pad undergoes a reversal in its 
distribution of elements. Because the element of the first 
electrode layer has an ionization potential lower than that 
of the second electrode layer, the first electrode layer 
has a greater adhesive strength than the second electrode 
layer. The second electrode layer, which has a work 
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function larger than that of the first electrode layer. 
That is, the second electrode layer has a higher ionization 
potential than that of the first electrode layer, and has a 
better ohmic characteristic to the semiconductor layer. 
Providing a heat treatment on the electrode layer causes 
the element of the first electrode layer to move to the 
surface of the second electrode layer. In particular, the 
element of the second electrode layer penetrates through 
the first electrode layer and significantly into the 
serai conductor layer. A larger port4on of the element of 
the first electrode layer moves anddistr ihutes on the 
surface of the electrode layer. This reversal of the 
distribution of the elements of the first and the second 
electrode layers improves both the adhesive strength and 
the ohmic characteristic between the electrode layer and 
the semiconductor layer. Particularly, when nickel (Ni ) is 
used as the composite Material of the first electrode layer 
and gold <Au) as that of the second electrode layer, Au 
penetrates through the Ni first electrode layer. Thus, the 
ohmic characteristic is Improved, i.e., contact resistance 
is lowered, by using gold (Au.) and the adhesive strength 
between the electrode layer to the sera i conductor layer is 
maintained by using nickel (Ni). On the other hand, some 
portion of the electrode layer which is under the electrode 
pad has a high contact resistance, but has enough adhesive 
strength because Ni remains on the surface of the 
semiconductor layer. 

A Group III nitride compound semiconductor device 
having an electrode structure as described above improves 
its device characteristics such as reduction of both 
applied voltage and contact resistivity and improvement in 
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its reliability. In addition, when the electrode described 
above Is used for an LED and an LD, emission efficiency is 
improved. 

The above and other objects, features, advantages, and 
characteristics of the present invention are further 
described in the following detaiied description with 
reference to the accompanying drawings by way of 
non-limiting exemplary embodiments of the present 
invention, wherein like reference numerals represent 
similar parts of the present invention throughout the 
several views. 

BRIEF DESCRIPTION OF THE DRAWING 
In the accompanying drawings: 

FIG. 1 is a sectional view showing the structure of a 
light-emitting device In the example set forth below; 

FTG. 2A is a sectional schematic Illustration of a 
second contact layer and an electrode layer before heat 
treatment; 

FIG. 2B is a sectional schematic illustration of the 
second contact layer and the electrode layer after heat 
treatment; and 

FIG. 3 is a graph showing distribution of elements in 
the second contact layer after heat treatment analyzed by 
Auger Electron Spectroscopy (AES): 

FTG. 4 is a sectional schematic illustration showing 
the flow of electric current through the electrode pad, the 
electrode layer, and the second contact layer; and 

FIGS. 5A and 5B are sectional views showing structure 
of electrode pads in the prior art. 
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DETAILED DESCRIPTION QF EXEMPL ARY EMBODIMENTS 
The present invention will be more fully understood by 
reference to the foL Lowing example. 

Example 

FIG. 1 shows a sectional view of a 1 lght-euiittlng 
device 100 made of Group III nitride compound semiconductor 
which satisfies the formula: Al x Ga y In 1 . x-y N, wherein 0<x<l, 
0iy|l, and 0^x+yil. 

The device 100 has a sapphire substrate 1. An A1N 
buffer layer 2 having a thickness generally of 0.05 jim was 
formed on the sapphire substrate 1. A silicon (Si) doped 
gallium nitride ( GaN ) layer 3 of n + -type, having a 
thickness generally of 4.0 Jim and having an electron 
concentration of 2 x 10 18 /cm 3 , was formed on the All* buffer 
layer 2. An Si -doped GaN layer 4, having a thickness 
generally of 0.5 jin and having an electron concentration of 
5 x 10 17 /cm 3 . was formed on the n + -layer 3. A zinc <Zn) 
and Si doped emission layer 5, comprising of In 0 20 Ga 0 . 80 N 
and having a thickness generally of 100 nra, was formed on 
the n- layer 4. Respective impurity concentrations of Zn 
and Si doping were 5 x lO^/cm 3 . An Mg-doped cladding 
layer 6 of p-type conduction, comprising of Al 0< Q9 Ga 0. 92 N 
and having a thickness generally of 100 nra, was formed on 
the emission Layer 5. Impurity concentration doped into 
the cladding layer 6 was 5 x 10 l9 /ctn 3 and its hole 
concentration was 2 x I0 17 /cm 3 . An Mg-doped first contact 
layer 71, comprised of GaN and having a thickness generally 
of 200 nm, was formed on the p-type cladding layer 6. 
Irapurity concentration doped into the first contact layer 
71 was 5 x 10 19 /cm 3 and its hole concentration was 3 x 
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I0 17 /cm 3 . An Mg-doped second contact layer 72, comprised 
of GaN and having a thickness generally of 50 nm, was 
formed on the first contact layer 71. Impurity 
concentration doped into the second contact layer 72 was 1 
x 10 20 /cio 3 and its Hole concentration was 6 x 10 17 /cm 3 . 

A transparent electrode layer 8 was formed on the 
second contact layer 72- The electrode layer 8 has a 
double layer structure, comprising a first electrode layer 
81 formed on the second contact layer 72 and a second 
electrode layer 82 formed on the first electrode layer 81. 
The electrode layer 81 was made of nickel (Ni) and had a 
thickness generally of 25 X* The electrode layer 82 was 
made of gold <Au) and had a thickness generally of 60 A. 

An electrode pad 9 is formed on some portion of the 
electrode layer 8 and another electrode pad 10 formed on 
some portion of the n + -layer 3. The electrode pad 9 has a 
triple layer structure, comprising a first metal layer 91, 
a second metal layer 92, and a third metal layer 93. The 
first metal layer 91 was made of Ni and had a thickness 
generally of 1000 A. The second metal layer 92 was made of 
Au and had a thickness generally of 1.5 jjm. The third 
metal layer 93 was made of aluminum (Al) and had a 
thickness generally of 300 A. The electrode pad 10 was 
made of aluminum (Al). An protection layer 11 made of 
silicon oxide (510 2 ) covered the surface of the device 100 
exposing some portion of the electrode pads 9 and 10 for 
wire bonding, as windows 9A and 10A, respectively, 

A method for manufacturing the LED 100 is explained 
hereinafter. 

Each layer, from the buffer layer 2 to the second 
contact layer 72, were formed on the sapphire substrate t 
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by gaseous phase epitaxial growth, called metal organic 
vapor phase deposition (hereinafter MOVPE). 

The gases employed in this process are ammonia (NHg), 
a carrier gas (H 2 ), trimethyl gallium (Ga(CH 3 ) 3 ) 
(hereinafter TMG) , triraethyl aluminum (Ai (083)3) 
(hereinafter TMA ) , triraethyl Indium (In(CH 3 ) 3 ) (hereinafter 
TMI), silane (SiH 4 ), diethyl zinc (Zn(C 2 H 5 ) 2 ) (hereinafter 
DEZ) , and biscyclopentadienyl magnesium (Mg<C g H g ) 2 ) 
(hereinafter CP 2 Mg). 

The single crystalline sapphire substrate 1 has a 
thickness of about 10O to 400 >inu After having its main 
surface f a' cleaned by an organic washing solvent and heat 
treatment, the sapphire substrate 1 was placed on a 
susceptor in a reaction chamber for the M0VPE treatment. 
Then the sapphire substrate 1 was baked at 1100 "C by H 2 
vapor fed into the chamber at a flow rate of 2 liter/min. 
under normal pressure for a period of 30 min, 

At\ AIM buffer layer 2, having a thickness of about 
0.05 jin, was formed on the main surface 'a' of the baked 
sapphire substrate 1 under conditions controlled by 
lowering the temperature in the chamber to 400 *C, keeping 
the temperature constant, and concurrently supplying for a 
period of 90 sec. H 2 at a flow rate of 20 liter/rain., KHq 
at 10 liter/min., and TMA at 1.8 x iO" 5 mol/min. 

An Si-doped GaN layer, having a thickness of about 4.o 
/*m, was formed on the buffer layer 2, as an n f -layer 3 of 
high carrier concentration with a Si concentration of about 
4 x 10 18 /cm 3 and an electron concentration of about 2 x 
10 18 /cm 3 , under conditions controlled by keeping the 
temperature of the sapphire substrate 1 at 1150 °C and 
concurrently supplying for 40 min. H 2 at a flow rate of 20 
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liter/tain., NH 3 at 10 liter/rain., TMG at 1.7 x ltT 4 * 
mol/min,, and s i lane di luted to 0.86 ppra by H 2 at 20 x 
10~ 8 mol/rain. 

An Si-doped GaN layer, having a thickness of about 0.5 
jim, was formed on the n~-!ayer 3, as an n-type layer 4 with 
a SI concentration of about 1 x 10 18 /cm 3 and an electron 
concentration of about 5 x 10 I7 /cm 3 P under conditions 
controlled by keeping the temperature of the sapphire 
substrate 1 at 1100 *C and concurrently supplying for 30 
min. or less H 2 at a flow rate of 20 liter/min,, NH 3 at 10 
ltter/min., TMG at 1.12 x 10" 4 mol/min., and silane diluted 
to 0.86 ppra by H 2 at 10 x 10~ 9 mol/inin. 

An In 0> 20 Ga O. 80 N layer, having a thickness of about 
100 run, was formed on the n-type cladding layer 4 as 
emission layer 5 with respective Si and Zn concentrations 
of about 5 x lQ 18 /cm 3 under conditions controlled by 
keeping the temperature of the sapphire substrate 1 at 800 
*C and concurrently supplying for 30 min. H 2 at a flow rate 
of 20 liter/rain., NH 3 at 10 1 i ter/min. , TMG at 0.2 x 10~ 4 
mol/min., TMI at 1.6 x 10~ 4 mol/rain. , and silane diluted to 
0.86 ppm by H 2 at 10 x 10" 8 mol/ni in. 

An Mg-doped A1 Q QgGa 0 92 N layer, having a thickness of 
100 nm and serving as a p-type cladding layer 6, was formed 
on the emission layer 5 under conditions controlled by 
keeping the temperature of the sapphire substrate l at lioo 
*C and concurrently supplying for 6 rain. H 2 at a flow rate 
of 20 liter/min., NH 3 at 10 liter/rain., TMG at 1.12 x 10~ 4 
iuol/min., TMA at 0.47 x 10~ 4 mol/mln., and CP 2 Mg at 2 x 
10" 5 mol/min. The resistivity of the cladding layer 6 was 
10°ia-ciD or more, exhibiting insulating characteristics. 
The impurity concentration of Mg doped into the cladding 
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layer 6 was 5 x 10 ia /cm d < 

An Mg-doped Ga» layer, having a thickness about 200 nm 
- and serving as a first contact layer 71, was formed on the 
cladding layer 6 under conditions of keeping the 
temperature of the sapphire substrate I at 1100 °C and 
concurrently supplying for 1 rain, H 2 at a flow rate of 20 
liter/Kin. . NHg at 10 liter/min., TMG at 1-12 x 10~ 4 
mol/rain. , and C? 2 Mg at 2 x 10~ 5 mol/min. The resistivity 
of the first contact layer 71 was 10 8 ifl-cm or more, 
exhibiting insulating characteristics. The impurity 
concentration of Wg doped into the first contact layer 71 
was 5 x 10 l9 /cm 3 . 

An Mg-doped GaN layer, having a thickness of about 50 
nm and serving as a second contact layer 72, was formed on 
the first contact layer 71 under conditions of Keeping the 
temperature of the sapphire substrate 1 at llQO "C and 
concurrently supplying for 3 rain, H 2 at a flow rate of 20 
liter/win., NH 3 at 10 literymin., TMG at 1.12 x 10" 4 
mol/min., and CP 2 Mg at 4 x 10" 5 raol/min. The resistivity 
of the second contact layer 72 was lo 8 I a*cm or more, 
exhibiting insulating characteristics- The impurity 
concentration of Mg doped into the first contact layer 71 
was 1 x 10 20 /cm 3 . 

Then, electron rays were uniformly Irradiated Into the 
second contact layer 72, the first contact layer 71, and 
the cladding layer 6 using a reflective electron beara 
diffraction device. The Irradiation conditions were set at 
10 kV for the accelerating voltage, 1 ;iA for the sample 
current, 0.2 ram/sec. for the speed of the beam scanning, 60 
jimt for the beam aperture, and at 5, 0 x 10" 5 Torr vacuum. 
This Irradiation changed the insulative three layers, the 
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second contact layer 72, the first contact layer 71, and 
the cladding layer 6, to each be a p-type conductive 
semiconductor with respective hole concentrations of 6 x 
10 17 /cib 3 , 3 x 10 17 , and 2 x 10 l7 /cm 3 and respective 
resistivities of 2,ft'cni. 1 fitr-cnu and 0.7-S'cra. As a 
result, a wafer with a multiple layer structure was 
obtained. 

A titanium (Ti> Layer of about 2000 A in thickness was 
formed on the second contact layer 72. A nickel (Ni) layer 
of about 9000 A in thickness was formed on the Ti layer. 
Then, a photoresist layer was laminated on the Ni layer and 
a portion of the photoresist layer where an electrode pad 
10 is formed was removed by photol i thog raphy. Utilizing 
the remaining photoresist layer as a mask, the exposed 
portion of the TI layer and the Nl layer were etched by use 
of an acid etching liquid. Then, the remaining photoresist 
layer was removed. Utilizing the remaining Ti and Ni 
layers as a mask, the exposed portion of the layers from 
the second contact layer 72 down to the n-layer 4 were 
etched by reactive ion etching with gases containing 
chlorine. As a result some portion of the n + -layer 3 was 
exposed. The remaining Ti and Ni layers on the second 
contact layer 72 were then removed by use of an acid 
etchant. 

An electrode layer 8 with a double layer structure is 
formed as follows, 

(I) A photoresist layer 12 was uniformly laminated on 
the entire sample. A portion of the photoresist layer 12 
where the electrode layer 8 is selected to be formed was 
removed in, for example, nearly a square shape so as to 
form a window 12A. 
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(2) A first electrode layer 81, comprised of Ni and 
having a thickness generally of 25 A, was uniformly 
deposited in the window 12A formed on the exposed part of 
the second contact layer 72 and on the photoresist layer 12 
under a high vacuum condition of ahout 10" 7 Torr In a 
deposition chamber. 

(3) A second electrode layer 82, comprised of Au and 
having a thickness generally of 60 A , was uniformly 
deposited on the first electrode layer 81 as shown in FIG. 
2A. 

(4) After removal of the wafer from the chamber, 
portions of the Ni and Au layer that had been deposited on 
the photoresist layer 12 were removed by a lift-off method. 
Namely, the photoresist layer 12 and some portion of the Ni 
and Au layer thereon were removed at the same time. As a 
result, the transparent electrode layer 8, having a double 
layer structure comprising the Ni electrode layer 8i and 
the Au electrode layer 82, was obtained. 

(5) Then, another photoresist layer was uniformly 
laminated on the entire wafer. A portion of the 
photoresist layer was removed where the electrode pad 9 
with a triple layer structure is to be formed, thereby 
forming, for example, a window. Then, Ni, Au, and Al 
layers, respectively having a thickness of 1000 A, 1.5 jnb, 
and 300 & # were successively and uniformly formed on the 
exposed portion of the Au electrode layer 82 and the 
photoresist layer in the reaction chamber. The wafer was 
then removed from the chamber, and the photoresist layer 
was removed by a lift-off method, which can be the same 
method used to form the electrode 8. As a result, the 
electrode pad 9 comprising of a first metal layer 91 made 
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of Nii a second metal layer 92 made of Au, and the third 
raeta.1 layer 93 made of Al, was obtained. An electrode pad 
10 made of Al was formed for the n + - layer by vapor 
deposition. 

(6) The wafer was then returned to the chamber for a 
process of heat treatment. After the chamber was evacuated 
to less than 1 ra Torr, and then filled with nitrogen (N 2 ) 
to atmospheric pressure and closed, heat treatment was 
carried out for a period of time ranging generally from 
about several seconds (more than two) to 10 rain, under 
condition controlled by lowering the temperature to the 
range of about 400 °C to 700 °C. Hydrogen <H 2 ), helium 
(He), nitrogen <N 2 ), oxygen <0 2 >, neon <Ne), argon (Ar>, 
and ferypton (Kr) or any combinations of these gases can be 
used as the gas for filling the chamber. The chamber may 
be evacuated In the range of 1 in Torr to more than 
atmospheric pressure. 

As a result of the heat treatment, the element of the 
second electrode layer 82, for example, Au, penetrated 
through the first electrode layer 81 and diffused into the 
second contact layer 72, which comprised p-GaN, thereby 
forming an alloy of Au and p-GaN, For example, as shown in 
FIGS. 2A and 2B, the vertically distribution of Au and Ni 
before heat treatment (FIG- 2A) was reversed after heat 
treatment (FIG. 2B). However, this reversal phenomenon 
could not be observed at some portion of the electrode 
layer 8 which was under the electrode pad 9. As a result, 
the reversal of Ni and Au occurred in the portion of the 
electrode layer 8 where the electrode pad 9 was not formed 
thereover as shown in FIG. 4. 

FIG. 3 is a graph showing the distribution of Au, NI, 
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Ga, and N in the second contact layer 72 as analyzed by 
Auger electron spectroscopy ( AES). Around from the surface 
of the second contact layer 72 and to about 3 nro down from 
its surface, the concentration of Nl was higher than that 
of Au. However, the concentration of Au became higher than 
that of Ni at a depth of more than about 3 nra from the 
surface of the second contact layer 72. Thus, the element 
Au penetrated through the first electrode layer 81 and deep 
into the second contact layer 72 with a high concentration 
to a depth of about 9 nm from its surface. As a result, an 
alloy of GaN and Au was formed in the second contact layer 72. 

The reversal of the element distribution appears to be 
caused by the fact that the eleraent of the first electrode 
layer 81 has an ionization potential that is relatively 
lower than that of the second electrode layer 82. By using 
the method discussed above, the element of the first 
electrode layer 81 moves up towards the surface of the 
second electrode layer 82 and thus, the element of the 
second electrode layer 82 moves down and penetrates through 
the first electrode layer 81 into the GaN layer thereby 
forming an alloy of GaN and Au. Since the element of the 
second electrode layer 82 has an ohmic characteristic 
better than that of the first electrode layer 81. the alloy 
formed of GaN and Au enhances the ohmic characteristics of 
the electrode to the device 100, Further, since the 
element of the first electrode layer 81 which has a 
relatively lower ionization potential than that of the 
second electrode layer 82 is more reactive than that of the 
second electrode layer 82, the element of the first 
electrode layer 81 can be strongly connected to the Group 
III nitride compound semiconductor device. As a result, 
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the adhesive strength between the electrode layer 8 and the 
device 100 is improved. 

Alternatively, at least one of palladium (Pd) P iridium 
(Ir), and platinum (Pt) can be used instead of. or in 
addition to, gold (Au) as the element of the second 
electrode layer 82. At least one of iron.(Fe). copper 
(Cu), chromium (Cr). tantalum (Ta). vanadium (V(, manganese 
(Pin), aluminum (Al), and silver (Ag) can be used as the 
element of the first electrode layer 81 in stead of, or in 
addition to, nickel (Ni). 

Further, an element that has an occlusion 
characteristic with respect to hydrogen (H) nifty be selected 
as the first electrode layer 81. An electrode layer 81 
with this characteristic occludes K from the surface layer 
of the device that is formed beneath the first electrode 
layer 81, and thus, improves the crysta 1 1 Ini ty of the 
surface layer. 

Then, a silicon oxide film (SiC^). serving as a 
protection film 11, was uniformly formed on the entire 
sample by electron beam vapor deposition. Through 
processes including laminating a photoresist layer, 
patterning by photolithography, and removing some portions 
of the protection film 11 by wet etching, windows 9A and 
10A were formed in, for example, nearly a square shape. 
Electrode pads 9 and 10 were respectively formed in windows 
9A and 10A. The remaining photoresist layer was then 
removed. 

Since the adhesive strength between the third metal 
layer 93 made of Au and the protection film li is strong, 
etching liquid is prevented from permeating therebetween. 
The portion of the protection film 11 covered with the 
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photoresist layer remained unetched and accordingly sides 
of the windows 9A and 10A remain unetched horizontally. As 
a result, the protection film 11 completely and fully 
protected the sides of the first metal layer 91, the second 
metal layer 92, and the third metal layer 93. 

Alternatively, one of Hi and Ti may be selected as an 
element of the third metal layer 93 that has adhesion 
strength to the protection film 11 which is stronger than 
that of the second metal layer 92, or Aik As an alternate! 
silicon nitride (S13N4) raay be used as a material of the 
protection film 11. 

Al is preferable as the material of the third metal 
layer 93. Similar to the elements of the electrode layer 
8, a reversal in the distribution of the elements of the 
metal layer 9 was observed. The Ni of the first metal 
layer 91 moved up through the second metal layer 92 and 
partly appeared to its surface. When Al was used as the 
material of the third metal layer 93, the Ni of the first 
metal layer 91 did not appear through the third metal layer 
93. In contrast* however, the element of the first metal 
layer 91 appeared to and made patches on surface of the 
third metal layer 93 when each of Ni and Ti was used as the 
material of the third metal layer 93. 

The wafer treated with the above-mentioned process was 
divided or diced to form separate chips or elements 
including the device 100 as shown in FIG. 1. 

PIG. 4 shows the flow of electric current through the 
electrode pad 9, the electrode layer 8, and the second 
contact layer 72- Under the electrode pad 9, because Ni is 
in direct contact with the second contact layer 72, the 
electrode layer 8 has a higher contact resistance and 
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electric current flows through other parts of the electrode 
layer 8 with a lower contact resistance where Au is in 
direct contact with the second contact layer 72. 
Accordingly, electric current does not flow under the 
electrode pad 9 where emitted light would be shielded 
thereby even if there are any emission and electric current 
is allocated to other parts where emitted light extends to 
outside of the device 100. Consequently, an effective 
current density Is enhanced and, thus, luminous efficiency 
is improved. 

The obtained device 100 was found to have a luminous 
intensity of 2000 racd and a peak wavelength of 450 nn in 
the luminous spectrum at a driving current of 20 mA. 
Luminous intensity of the device 100 of the present 
Invention doubled compared with that of a conventional 
device. 

When improving luainous efficiency is a priority, the 
electrode pad 9 may have a single layer caade of one of Ni, 
Au, and Al or a double layer made of two of Ni, Au, and Al. 
Further, the protection film 11 may not be necessary when 
improving luminous efficiency is a priority. 

The thickness of the first electrode layer 81 should 
preferably he about 5 A to 200 A. When the first 
electrode layer 81 is thinner than 5 X, its adhesive 
strength becomes weak. When it is thicker than 200 Its 
transparency worsens. 

The thickness of the second electrode layer 82 should 
preferably he about 5 1 to 200 A- When the second 
electrode layer 82 is thinner than 5 X, its contact 
resistance becomes high. When it is thicker than 200 A, 
its transparency becomes worsen. 
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The thickness of the first metal layer 91 should 
preferably be about 20 k to 5 Jim. When the first metal 
layer 91 is thinner than 20 A, its adhesive strength 
becomes weak. When it is thicker than 5 pm, it takes too 
much time to form. 

The thickness of the second metal layer 92 should 
preferably be about 100 A to 5 jam. When the second metal 
layer 92 is thinner than 100 A, its reliability for wire 
bonding is lowered. When it is thicker than 5 jjjh, it takes 
too much tine and cost to form. 

The thickness of the third metal layer 93 should 
preferably be about 10 X to 5 ^jrn. When the third metal 
layer 93 is thinner than 10 A, its adhesive strength 
becomes weak and it is unable to prevent the sides of the 
protection film 11 from being etched. When It is thicker 
than 5 ^ni, it takes too much time to form. Further, when 
one of Ni and Ti is used as the material of the third metal 
layer 93, its thickness should preferably be about 10 A to 
500 X. When it is thicker than 500 A, reliability for wire 
bonding is lowered. 

In the above embodiment, the electrode pad 9 was 
formed on the electrode layer 8. Alternatively, the 
electrode pad may be formed directly on a p-type group III 
nitride compound semiconductor layer. 

While the invention has been described In connection 
with specific exemplary embodiments, it is to be understood 
that the invention is not to be limited to the disclosed 
embodiments. Rather, the present invention is intended to 
include various modifications and equivalent arrangements 
as those that are within the spirit and scope of the 
appended claims. 
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